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Rigorous kinetic derivations are presented for the Site Exposure mechanism of lactose-proton cotransport 
in E. coli [J. Theor. Biol. (1978) 75, 35-501. Proton translocation inwards is solely associated with the 
external exposure of the galactoside binding site. A symmetric dimer configuration of the transporter is 
proposed, resulting in two forms corresponding to the cis and the trans orientation of the binding sites. 
The cis to trans orientation is inherently unfavorable, induced only by transmembrane substrate gradients. 
Recently reported extensive kinetic data are straightforwardly predicted by this mechanism, including the 
complicated effects on the apparent affinity and maximal velocity of uptake exhibited by changes in the 
magnitude of the proton electrochemical gradient. 
1. INTRODUCTION 
In spite of decades of intensive work, the mole- 
cular mechanism by which transport proteins cou- 
ple the movement of two solutes across any cell 
membrane is largely unknown. The system that has 
undoubtedly been subjected to the most investiga- 
tion is the lactose-proton cotransporter in Escheri- 
chia co/i. Recent extensive kinetic data have been 
reported for this system, including the following 
intriguing observations: 
(4) Under completely de-energized conditions, up- 
take of lactose exhibits a K,,, which is -lOO-times 
that for energized conditions, and is equal to the 
Kd for binding. The V,,, however, is comparable 
in magnitude [5,7,8]. 
(5) At intermediate levels of energization, both of 
these components are present and uptake kinetics is 
biphasic [5,7]. 
(1) Purification and reconstitution of the trans- 
porter reveals that only the single polypeptide 
product of the Y gene is responsible for energy- 
coupled uptake [l]. 
(6) Electrical potentials and pH gradients are 
equivalent in inducing these effects [2,9]. 
(2) While net movement of lactose from one side 
of the membrane to the other involves the simul- 
taneous movement of protons, the exchange of 
sugar apparently does not [2]. 
(7) A structural change in the transporter occurs 
(indicated by the accessibility of reactive groups in 
the protein to covalent modification) upon imposi- 
tion of a proton gradient, in the absence of lactose 
[lo-121. 
(8) The binding of lactose and proton(s) to the 
transporter are independent events [8]. 
(3) The kinetic effect of partially de-energizing 
lactose transport from maximal values is to de- 
crease the V,, with no effect on the K, [2-71. 
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(9) The coupling mechanism involves coupling of 
the transmembrane movement of lactose and pro- 
ton(s) as opposed to coupling of their binding [8]. 
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(10) Evidence indicates an oligomeric arrange- temporally separate events, as originally suggested 
ment for the transporter [13,14]. in 1977 [6]. 
(11) The stoichiometric efficiency of coupling 
proton to lactose movement appears to be variable 
depending on the conditions employed for the 
measurement [ 151. 
In this paper, rigorous kinetic derivations are 
presented for the site exposure mechanism for this 
system [16]. All of the above and other reported 
results are straightforwardly and quantitatively 
predicted by this model. 
2. METHODS 
Kinetic derivations were performed using the 
method of King and Altman [ 171. These deriva- 
tions are available upon request from the author. 
Initial rates of uptake were calculated using eq. (1) 
and eq. (2) and the designated values for rate con- 
stants. Data was generated and directly plotted 
using a Burroughs B6800 computer and Calcomp 
plotter. 
3. KINETIC DERIVATIONS 
Fig. 1A diagrammatically depicts the two essen- 
tial events which must occur for uptake of lactose, 
migration of the bound lactose across the mem- 
brane and return of the unoccupied lactose binding 
site. The essential difference between the site ex- 
posure and other mechanisms is exemplified by 1B 
and 1C. In other proposed schemes (lB), it is as- 
sumed that the lactose crosses the membrane as the 
ternary complex (i.e., site-lactose-proton(s)). In 
the site exposure mechanism (lC), proton move- 
ment is associated with return of the unliganded 
lactose site. Lactose and proton movement are thus 
Lo Li LO Li 
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so si so 'i ousi 
+/ - + 
43 Hi 
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Fig. 1. Essential events in lactose-proton cotransport: 
L, lactose; S, galactosyl binding site; i, inside compart- 
ment; o, outside compartment; (A) lactose uptake alone; 
(B,C) two possible sites for proton coupling. 
The other important assumption for this scheme 
is that there exist two forms of the transport site 
for galactoside, S and S*. The S* form is postu- 
lated to be that form responsible for sugar uptake 
under energized conditions, and the presence of 
either a proton gradient or a galactoside gradient 
will induce the S to S* conversion. Coupling this 
with the assumption of symmetry results in the 
configurations shown in fig. 2. 
Since the form of the galactoside site is ex- 
clusively S in de-energized conditions, the S to S* 
transition is viewed as intrinsically unfavorable. 
Thermodynamic efficiency in fact predicts this 
result; mechanistically proton translocation would 
be expected to produce a ‘high energy’ state in the 
transporter to maximally utilize the proton electro- 
chemical gradient. Based on certain symmetry con- 
siderations, the S to S* conversion is proposed to 
be a trans to cis orientation of the galactosyl bin- 
ding sites of a symmetrically disposed dimer (fig. 
3). As mentioned above, evidence has appeared 
indicating an oligomeric arrangement for the trans- 
porter. 
s,* XT S Sit 
Fig. 2. Essentials of the symmetrical S to S* conversions 
induced by an electrochemical proton gradient. 
i i i 
cis trans cis 
@+,I 6) 6;) 
Fig. 3. Diagrammatic representation of the possible 
dimeric configurations of the transporter. 
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3.1. Partial de-energization, exchange diffusion 
Under these conditions, uptake of radioactive 
lactose occurs almost exclusively via the S* form of 
the transporter, and kinetic scheme 1 thus results: 
k-1 
SiL ’ 
k, 
‘S,*L 
II I 
k-3 
k_z kZl 
k-l I 
k, 
\ S,*L’ 
Scheme 1 
where 
subscript o = outside 
subscript i = inside 
L ’ = radioactive lactose 
L = non-radioactive lactose (in the case of ex- 
change diffusion) 
kl, k-,, k3 and k_3 = the rate constants for the 
transmembrane mobilities of the liganded 
and unliganded galactoside site 
k2 and k_2 = the rate constants for binding of 
lactose 
kH = the effective rate constant for proton 
gradient-driven S to S* conversion. 
This scheme assumes initial rate conditions (i.e., 
SiL’ + Si + Lf and S,*L + S,* + L, irreversible) 
and also that .the binding constants for lactose are 
the same on both sides of the membrane and are 
unaffected by the proton gradient. It is important 
to note here that exchange diffusion will be ex- 
hibited for any particular non-radioactive exiting 
substrate only if the liganded form of the trans- 
porter is more ‘mobile’ than the unliganded form 
(i.e., k_, > k, [18]). 
With the additional assumption that the rate 
constants for binding are greater than those for 
translocation (specifically, k_, > kl, k_, > k_,) the 
following equation for the initial rate of uptake (v) 
is predicted: 
V = k_z(SiL’) 
klk2[k_lk2Li + k-z(k3 + kn)]LASr 
= kZLA[kzLi(kl + k-1) + k-z(kl + k3 + kH)] 
(1) 
+ k_zkzLi(k_, + k-3) + k!z(k-3 + k3 + kH) 
3.2. Complete de-energization 
As described above, in the complete absence of 
a proton gradient the major form of the transpor- 
ter which catalyzes galactoside uptake is S. As the 
magnitude of the proton gradient increases from 
zero, the S* form is progressively induced by pro- 
ton translocation. The following kinetic scheme 
results: 
Scheme 2 
Making the assumption k_3 > kH (see section 5) 
in addition to those described above, the following 
equation describes the total initial rate of uptake 
of L: 
V = k_z(STL) + k-z(SiL) 
(A x L, x S,)/(B x L, + C) (2) 
where 
A = k-3k2k-2(kl(k3 + kH) + k_3k_,) + k,k_lk2Lo 
B = k2klk2Lo(k-3 + k_,) + k_2k-3(k_3 + kl + k-, 
+ k3 + kH) + k_2k, k3 
C = k!2k-3k_3 + 2k3 + kH 
3.3. Rate constants 
Application of the previous considerations has 
the following consequences with respect o the rela- 
tive magnitudes of the rate constants: 
(1) 
(2) 
Binding occurs more rapidly than transloca- 
tion: k-2, k2 > k,, k-,, k3, k_,; 
The S to S* transition is unfavorable: 
k, > k-,, k_3 > k,; 
11 
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(3) The liganded form of the carrier is more mobile 
than the unliganded form: kr > k-s, k_, > k,; 
(4) Microscopic reversibility: krks = kr ks . 
Taking these points (and one other, see section 
5) into consideration, the following values for the 
rate constants are assumed in the following calcu- 
lations (in arbitrary units): k, = 10m2; k_, = lo-‘; 
k2 = 1; k-2 = 10; ks = 10-9; k-3 = 10-4. 
The Kd for binding of lactose to the transporter 
is thus k_2/k2 = 10. 
4. QUANTITATIVE PREDICTIONS 
4.1. Partial de-energization 
Fig. 4A shows the effects of varying the value 
for kH from 5-l x 10e8 on the initial rate of lac- 
UPTRKE,,, 
0.3 
J.2 
Fig. 4. Kinetic simulations. Data generated as described 
in the text: (A,B,D) plotted by the Hofstee method [26]; 
the ordinate intercept is the V,, and the slope is -Kt. 
External lactose concentration (S) varied from 0.01-100 
(arbitrary units). The units for V and I//S are multiplied 
by 10’. The units for uptake in (C) are multiplied by 
106. (A) Effects of increasing kH on uptake. Values for 
kH: (a) 10ms; (b) 2 x lOmE; (c) 3 x lo-*; (d) 5 x 10m8. (B) 
Effects of increasing internal non-radioactive lactose on 
uptake of radioactive lactose (exchange diffusion). Val- 
ues for internal lactose concentration: (a) 2; (b) 5; (c) 10. 
(C) Effects of exchange diffusion on energized uptake: 
(00) kH=O; (AA) kH= 2 X lo-*;(XX) kH=5 X lo-'; 
(a) no internal lactose (no exchange diffusion); (b) inter- 
nal lactose concentration = 50. (D) Kinetic effect of 
complete de-energization: (a) kH = 0; (b) kH = 2 x lOmE; 
(C) kH= 5 X lo-*. 
tose uptake in the absence of internal non-radio- 
active lactose, as predicted by eq. (1). The lactose 
concentration varies from 10-2-102. The kinetic 
effect is clearly to decrease the apparent maximal 
velocity (I’,,) with no change in the half-satura- 
tion concentration for lactose (KJ. The apparent 
values for V,, range from 5-l x 10-s; Kt is -0.1, 
which is 1% that of Kd. 
This effect has been observed in studies with 
whole cells [3,7] and isolated membrane vesicles 
[2,4-61 for both transport of substrate and increase 
in dansylgalactoside fluorescence. The effects in- 
duced by an electrical potential (A@) and by a 
chemical potential (ApH) are mechanistically iden- 
tical [2,9]. The simplest interpretation for this 
result is that the step(s) involved in coupling re- 
quires the actual translocation of a proton(s), 
rather than, for example, protonation-deprotona- 
tion. 
4.2. Exchange diffusion 
Fig. 4B shows the effects on the initial rate of 
radioactive lactose uptake of increasing internal 
concentrations of non-radioactive lactose, in the 
absence of a proton gradient (kH = 0) as predicted 
by eq. (1). Again, the effects are on the V,, and 
not the Kt. This result has been observed for DG 
fluorescence increase [6]. 
According to the above kinetic scheme, the im- 
position of a non-radioactive lactose gradient 
directed outwards should have an identical effect 
on the kinetics of radioactive lactose uptake as a 
proton gradient directed inward. These two situa- 
tions mechanistically induce the same event in the 
transport sequence, namely the S to S,* transition. 
Thus, the presence of high internal non-radioactive 
lactose results in virtually no effect of the addi- 
tional presence of a proton gradient on radioactive 
lactose uptake (fig. 4C). This is because the exit of 
non-radioactive lactose outwards is maximally in- 
ducing the S to S,* transition, resulting in no fur- 
ther enhancement by the proton gradient. This 
result has been directly observed for lactose move- 
ment using isolated membrane vesicles [2], and 
also has been discussed with reference to older 
kinetic data in whole cells [16]. Also consistent 
with this is the report [2] that substitution of 
deuterium for protium in the aqueous medium 
while significantly slowing net lactose movement 
has no effect on exchange. In terms of the mechan- 
12 
Volume 150, number 1 FEBS LETTERS December 1982 
ism here, exchange diffusion in fact does not in- 
volve binding or translocation of protons. 
4.3. Complete de-energization 
Under conditions of maximal energization (kn 
large) the S form of the transporter would not be 
expected to catalyze significant uptake (via the left- 
hand sequence of scheme 2, i.e., L, + S + Li + ST), 
as the proton gradient will be continually inducing 
the S to S,* transition. In the absence of a proton 
gradient, however, since the S to S,* transition is 
unfavorable uptake would in fact occur mainly by 
this route. This is the mechanistic basis of the bi- 
phasic kinetics observed (fig. 4D) upon complete 
de-energization. Whereas uptake under energized 
conditions exhibits a process characterized by a 
V max of 5 x lo-* and Kt = 0.1 (in addition to a 
high Kt component: see section 5), in the absence 
of a proton gradient the main component exhibits 
a V,, of lo-’ and a Kt of 10. Importantly, this Kr 
is equal to Kd (section 5). The effects of partial de- 
energization are to decrease the value for the Vmax 
of the low Kt process. These kinetic results have 
been observed in [5,7,8]. 
5. DISCUSSION 
The rationales behind the five basic postulates of 
the site exposure mechanism were described in 
[16], along with interpretations of data published 
prior to that time. Kinetic derivations for transport 
were, however, not reported and it was only as- 
sumed that the described mechanism would result 
in the observed kinetics, specifically the localiza- 
tion of the effects of energization to V,, and not 
Kt. This paper reports a rigorous kinetic treatment 
in order to explain fully the recently reported ex- 
tensive kinetic results and to predict experimenta- 
tion to test the hypothesis. 
5.1. Simplification of the kinetic equations 
In this section, I describe how the application of 
one additional assumption will yield rate equations 
which exactly predict the observed kinetics of lac- 
tose translocation, independent of the exact value 
of the rate constants. 
Strict ordering of the magnitudes of each of the 
rate constants and significant simplification of the 
above rate equations occurs if the additional as- 
sumption is made that the S* to S step (occurring 
with rate constant k_,) is a spontaneous, favor- 
able ‘relaxing’ of the transporter. The specific 
relations which result from this assumption are: 
k_3 > k_, and k_3 > kH. The rate constants are 
thus strictly ordered in the following sequence: 
k,, k_,>k,>k_,>k_,>k, 
with kH assuming any value less than k_3. Such an 
assumption would at first seem energetically waste- 
ful, however the assumptions above show that in 
fact, the S to S* transition is rate-limiting and that 
the rate constants for the steps for subsequent 
translocation upon S* formation (Sx + L, -+ SXL -+ 
SiL + S + Li) are much greater than k-3. Under 
steady-state conditions in the presence of lactose, 
the S* form is rapidly removed by binding and 
translocation of the S,*L form (which occurs with 
a rate constant (k,) greater than k_3) and effective 
coupling is therefore conserved. 
Application of the above assumptions to eq. (1) 
results in the following simplified expression: 
1k-iLi +Kd(ks +kn)I L, s 
Li+Kd 
0 t (3) 
v= 
L:, + Kd(k-3/kl) 
In the absence of exchange diffusion (Li = 0) 
this equation simplifies further to: 
v= (k, + kn)L; S, 
L:, + K,(k_,/k,) 
(4) 
The value for Vmax is predicted to be k3 + kH, 
and Kt is equal to Kd. (k_Jk,). Since kl > k-3, the 
Kt will necessarily be less than the Kd for binding. 
The effect of the electrochemical proton gradient 
under these conditions (partial de-energization, 
when uptake is only mediated by the S* form of the 
transporter) is solely on the V,,. 
The kinetic effect of exchange diffusion (Li # 0) 
on uptake is on the Vmax, with no effect on Kt. 
The V,, will increase from k3 (at Li = 0) to k_, (at 
Li = 00). Importantly, the apparent half-saturation 
constant for the internal concentration of non- 
radioactive exiting lactose is Kd, rather than Kt. 
As mentioned earlier, these effects have been 
observed for lactose gradient-induced DG fluor- 
escence increase [6]. In addition to the kinetic ef- 
fects on the fluorescence increase, an increase in 
fluorescence of -2-fold was observed upon in- 
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creasing the internal lactose concentration from 
5-20 mM. This latter result clearly indicates a 
value for half-saturation concentration for the 
exiting lactose of the order of & (-5-10 mM [8]) 
as opposed to Kt (-0.1 mM [5,8]), as predicted by 
the above equation. 
The simplified form of eq. (2) is the following: 
[k-IL:+ &L,(k, + kn + k_ik_Jk,)]St 
v= 
L; + &L,(l + k_s/kJ + K&/k,) 
(5) 
which can be rearranged to: 
k-IL& v=-+ 6% + k,)L,S, 
Lo+Kd Lo + Kd(b/kl) 
(6) 
(A) 0% 
The kinetics of lactose uptake thus exhibits two 
components, one energy-independent with Kt = Kd 
and V,, = k_l (A) and one with a dependence of 
the value for V,, on energization and a Kt which 
will be smaller than the Kd (B). These results have 
been reported by several workers. 
Wright et al. [8] have reported a detailed study 
of the kinetics of transport of various galactosides 
as well as the values for the apparent binding con- 
stants. For several substrates Kt = Kd. According 
to the above scheme, for these substrates k_3 = k, 
(and, from microscopic reversibility, k3 = k_,), 
which would mean that the unliganded form of the 
carrier is equally as mobile as the liganded form. 
This prediction has been borne out for the sub- 
strate thiodigalactoside (TDG); cells preloaded 
with TDG do not exhibit exchange diffusion [ 191. 
Robertson et al. [5] however, have reported that 
TDG kinetics is also biphasic, resembling those of 
lactose uptake. Further detailed studies of this 
class of substrate (low KJ should shed light on 
this apparent discrepancy (see below). 
5.2. Inconsistencies and predictions 
Equation (4) predicts that the V,, for energized 
uptake is equal to kH (for kH > k3). This step in 
the translocation mechanism is independent of the 
galactoside substrate (making the assumptions de- 
scribed), and so the values for V,, for different 
galactosides should be identical. In [8], I’,,, 
values for a number of different galactosides were 
non-identical. Although there are several possibili- 
ties for this result [8], a simple explanation for this 
14 
effect in terms of the mechanism reported here is 
not evident. One possibility may be that the two 
externally-exposed galactosyl binding sites in the 
S,*, cis form may interact, especially with galacto- 
sides with exceptionally bulky attached groups. 
The general trend for the V,, values being higher 
in cells than vesicles could be a result of a higher 
value for kH in cells vs vesicles. 
Kaczorowski et al. [2] have reported that influx 
and efflux for facilitated diffusion using right-side- 
out membrane vesicles are kinetically asymmetri- 
cal, in contradiction to the above assumptions. 
This could be a result of structural asymmetry of 
the two sides of the membrane (e.g., asymmetrical 
lipid distribution [20]), and may not be a signifi- 
cant factor under coupled conditions. The trans- 
port system has been shown to be at least qualita- 
tively symmetrical [21,22]. 
The kinetic derivations reported here result in a 
number of specific testable predictions: 
(1) Lactose uptake under non-energized condi- 
tions should be described by the following general 
equation: 
v = (v,L,/L, + Kd) + (I’aL,/L, + K,) (7) 
For the above derivation, V, = k_l, Kd = k_z/kz, 
V, = k3, and Kt = Kd. k_3/kl. Since VA > VB 
(k_, > k,) the major component of uptake under 
these conditions is A. However, at very low values 
for L, the B component will also contribute, and 
in fact at the lowest values of L, (L, 6 KJ uptake 
follows this expression: 
v = [(v,/&) + V’EJK,)IL (8) 
In addition to predicting this additional compo- 
nent at low values for L, under de-energized con- 
ditions, as a result of microscopic reversibility 
(k,k3 = k_lk_3) the relative values for the kinetic 
parameters must obey the following specific rela- 
tion: 
(VA/K,) = U’rJK,) (9) 
or 
Kt = (I/,/I/,)Kd (10) 
(2) According to eq. (3) the V,, for lactose UP- 
take under conditions of maximal stimulation by 
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exchange diffusion (i.e., Li = 00) is k-i. This pre- 
dicts that the V,, would be equal to that of lac- 
tose uptake via component A of eq. (6), the energy- 
independent process. 
(3) In addition to TDG, the substrates reported in 
[B] to exhibit Kt = & would not be expected to in- 
duce appreciable exchange diffusion, by the 
reasoning outlined earlier. 
(4) Since the efficiency of coupling proton to lac- 
tose movement is dependent upon the rate at which 
the S,* form is removed by binding lactose and sub- 
sequent ransmembrane movement via S,*L to SiL 
as compared to the ‘non-productive’ S,* to S transi- 
tion, the effective ratio of proton(s)/lactose may 
be a function of several parameters, including the 
lactose concentration. Also, this ratio may vary 
with different substrates. Variability in this ratio 
under some conditions has been reported [ 151. 
(5) The model presented here provides an alterna- 
tive to the proposal [7,23] that biphasic kinetics a 
priori implicates the involvement of two separate 
transport entities and uptake of other solutes in 
other systems may be via this type of mechanism 
1241. 
(6) The site exposure mechanism can be straight- 
forwardly applied to antiport systems making the 
single assumption that the doubly rather than the 
singly liganded species is mobile [ 161. Symport and 
antiport, then, may be mechanistically very simi- 
lar. Rigorous kinetic analysis for antiport can be 
applied to the mechanism described here. 
Finally, it is interesting to note that one general 
feature of this model is the concept of an ‘ener- 
gized state’ of the protein, induced by proton 
translocation down an electrochemical gradient. 
This state then ‘relaxes’, coupled to transmembrane 
movement of galactoside, resulting in the two 
events being temporally separate. Such a feature 
may be common to other energy-coupling systems; 
evidence has appeared, for example, that proton 
translocation is temporally separate from ADP 
phosphorylation in the mitochondrial ATPase and 
the energy is ‘stored’ in the production of a form 
of the enzyme characterized by a high binding 
affinity for adenine nucleotide [15]. 
SUMMARY 
The essential features of the site exposure mech- 
anism for lactose-proton cotransport are the fol- 
lowing: 
1. 
2. 
3. 
4. 
5. 
Proton translocation inwards catalyzed by the 
transporter is solely coupled to the external ex- 
posure of the galactoside binding site. 
There are two forms of the transporter, S and 
S* and transmembrane gradients of substrate 
(proton or galactoside) induce the S to S* trans- 
ition, which is otherwise unfavorable. 
Binding of substrate occurs more rapidly than 
translocation. 
The liganded form of the transporter is more 
mobile than the unliganded. 
There is a spontaneous, favorable ‘relaxing’ of 
the S to the S* form. 
Application of rigorous kinetic derivations to 
schemes based on these features results in kinetic 
predictions which agree quantitatively with vir- 
tually all kinetic data published to date. 
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APPENDIX 
Kinetic derivations for the site exposure mechanism 
Derivation I 
For: 
I k-1 I1 
SjL’ ’ 
kr 
’ S,*L’ 
King-Altman patterns 
innnrrl~zl 
l-l J II L u LJ L II 
A B C D E F G H 
1LJEUEUE 
7 _I _-I II II L L 
I J K L M N P 
Simplifications 
Assumption Result Except for species 
k+ > k-, C>B SiL’ 
H> I SiL’ 
L>J SiL’ 
M>K SiL’ 
F>A SiL 
J>I SiL 
L>H SiL 
N>G SiL 
k-2 > k, C>D S,*L’ 
H>G S,*L’ 
L>N S,+L’ 
M>P S,*L’ 
F>E S,*L 
J >K S,*L 
L>M S,*L 
N>P S,*L 
Valid patterns (considering in addition the irrever- 
sible steps) 
Species Patterns 
SiL F,L 
S,*L E,M 
S,* C,L 
S,*L’ C,L 
SiL’ B,J 
S F,L 
A = denominator; 
St = SiL + S,* L + S,* + S,* L’ + SiL’ + S 
SiL.A 
-= 
St 
k!2klkzLLk2Li + k!zk_3kzLi 
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S,*L.A 
-= 
S, 
k_2k,k_lkzLbkzLj + kZzk.-3k_lkzLi 
S* A 
O’ = k!2k_lk2Li + k42(k3 + kH) 
S, 
S,*L.A 
-= 
S, 
k!*k_lk2Lbk2Li + k12k2Lb(kJ + kH) 
SiL’ . A 
~ = k_zk,k_lkzLbk2Li + k!zk*k2Lb(k3 + kH) 
S, 
S.A 
-= 
S, 
k?zk,kzLb + k42k_3 
k-2 > k, 
k-2 > k-, 
V = k_,(SiL’) 
k,LbS, 
[ 
k-1 kzLi + k_x(k3 + kH) 
kzLi(k, + k-1) + k-z(kl + k3 + kH) 1 = L, + k_2 kzLi(k-1 + k-3) + k_z(k_3 + k3 + kH) 
’ k2 kzLi(kl + k-1) + k-2(kl + k3 + k”) 1 
Derivation 2 
King-Altman patterns 
A 
w 
33 
B 
w 
3c 
Simplification 
Assumption Result Except for species 
k-2 > k, 3>2 s:L 
B>C S,*L 
k-z > k-1 3>4 SOL 
B>A Si L 
Valid patterns (considering in addition the irrever- 
sible steps) 
Species Patterns 
&IL B3, D3 
S B3, D3 
S,* B3 
SXL B3 
SiL A3 
S: Bl, B3, Dl, D3 
S?L B2. D2 
A = denominator; 
S,=SoL+S+S,*+S,*L+SiL+ST+STL 
S,L.A 
S, 
= k!2k!3k2Lo+ k! k- k k2L2 2 3120 
S.A 
-= 
S, 
k!,k!, + k? k 2 1 k_ k L 3 2 0 
y = k!2k_3(k3 + kH) 
t 
S,*L.A 
~ = k?,k_,k2Lo(k3 + kH) 
St 
SiL.A 
- = k!,k, k-3k2Lo(k3 + kH) 
St 
S:L.A 
~ = k~2k_lk_3k2Lo +k!,k_,k, 
St + k!2klk_,k;L’,+ k!2klk3k2Lo 
F3:L.A 
-= 
St 
k!2k!3k_,k2Lo+ k_2k_3k,k_,k;L: 
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V = k_,(SIL) + k_z(SiL) 
k-3~2L,[k&~(~3 + kH) + k_&) + klk-*k2Lo]St 
= kzL,lk,k,L&j + k-1) + k-&& + k, + k3 + kH -I k-,) -I k_2k,k3] + k!2k_,[k_3 + 2k, + kH1 
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